I. INTRODUCTION

S
ILICON p-n homojunction technology dominates the commercial photovoltaics industry. Notwithstanding the great strides in reducing the cost, high-efficiency p-n junction cells still require high temperatures and ultraclean processes for doping and passivation, which limit throughput. One way to reduce cost further is to replace the p-n homojunction by carrierselective contacts [1] - [3] .
Carrier-selective contacts are type-II heterojunctions which have a large offset in either the conduction or valence bands but a small offset in the other band. This kind of band alignment allows the transport of one type of carriers, either electrons or holes, due to the small offset, but blocks the transport of the other. This selective-blocking can be used to separate photogenerated carriers, eliminating the need for a p-n homojunction [4] . In fact, due to higher barriers, solar cells with carrier-selective heterojunctions can outperform conventional p-n junction solar cells, e.g., heterojunction with intrinsic thin layer (HIT) cell with a record efficiency of 26.3% [5] - [7] . However, the intrinsic amorphous silicon (a-Si:H) layer in the HIT cell is deposited using plasma enhanced chemical vapor deposition (PECVD) using toxic and flammable precursors. The a-Si:H layers also pose challenges of thermal stability and sub-bandgap absorption [8] , [9] . Wide-bandgap metal-oxide thin films can be an alternative to a-Si:H. Many common metal-oxides are earth-abundant and chemically stable. Also, oxide thin-films can be deposited at low temperatures using low-cost techniques such as physical vapor deposition.
Several oxide-based carrier-selective contacts have been reported: TiO 2 [10] - [12] , ZnO [13] , Al:ZnO [14] , indium-tin oxide (ITO) [15] as electron-selective contacts; and MoO x [16] - [19] , WO x [16] , [18] , [20] , and VO x [16] , [18] , [20] as hole-selective contacts. Recently, a dopant-free asymmetric heterocontact cell was demonstrated with ∼20% efficiency, using LiF and MoO x as the electron and hole-selective contacts [4] . However, the oxides in all these examples are fundamentally electron-conductors. Carrier-selective contacts with holeconducting oxides such as NiO x and cuprous oxide (Cu 2 O) are less effective. The best reported heterojunctions have been far less efficient with V OC of just 380 mV [21] and 328 mV [22] , respectively. Although Cu 2 O/Si heterojunctions have been studied, the reports use thick layers of Cu 2 O which act as an absorber rather than a conventional window layer. These papers report V OC values up to 0.48 V and an efficiency up to 1.39% [23] , [24] . Also, nitrogen-doped Cu 2 [27] . Rapid thermal oxidation (RTO) was done in an Annealsys As-One furnace. The thickness of RTO was measured using J. A. Woollam M2000U ellipsometer. Glancing-angle X-ray diffraction (XRD) pattern was measured in a Rigaku Smartlab X-ray diffractometer using the Cu-Kα line with a wavelength of 1.54Å at ω = 0.3 o on a 660 nm thick Cu 2 O film deposited on glass. X-ray and UV photoelectron spectroscopy were performed in a Kratos Axis Ultra, using monochromatic Al-Kα excitation (1486.6 eV) and He-I excitation (21.22 eV), respectively. All X-ray photoelectron spectroscopy (XPS) peaks were calibrated against the adventitious carbon peak at 284.6 eV. Peaks were fit to a standard GL30 curve with a Shirley background. UV-visible spectroscopy was performed using a Shimadzu MPC3600 spectrometer, using an integrating sphere attachment.
Devices were fabricated on single-side polished n-type (5 × 10 15 cm −3 ) silicon (100) wafers cleaned using a standard RCA recipe, followed by a 1 min 1:50 HF etch. Wafers were immediately transferred into the deposition chamber to evaporate aluminum on the backside of the wafer. Next, Cu 2 O was deposited on the front (polished) side of the wafer. Finally, Au electrodes were thermally evaporated on top of Cu 2 O through a shadow mask with circular holes (1 mm diameter).
III. RESULTS AND DISCUSSIONS
A. Phase and Composition of the Films
Glancing incidence XRD was used to investigate phase-purity of Cu 2 O by comparing the diffraction peaks to JCPDS card #01-074-1230. Peaks corresponding to (111), (220), and (311) facets are observed [see Fig. 1 [29] , but significantly differs from the reported Cu +2 2p 3/2 peak (933.18-933.96 eV) [29] . Characteristic satellite peaks of Cu +2 (940-945 eV) are also missing, suggesting that trace CuO impurities are absent. Reported 2p 3/2 peaks of Cu +1 and Cu 0 (932.4-932.82 eV) [29] are so close that the possibility of metallic copper impurities (Cu 0 ) cannot be excluded by analyzing 2p 3/2 peak alone. To test for Cu 0 , Cu LMM Auger peaks were analyzed. The Cu LMM auger peak in the deposited film is at 570.1 eV [see Fig. 1(b) , inset]. This matches better with the reported LMM binding energy of Cu +1 (569.8 eV) than Cu 0 (568.1 eV), suggesting that even metallic Cu impurities are absent.
B. Band Alignment at the Si/Cu 2 O Interface
Bandgap and absorption depth of Cu 2 O films were characterized using a UV-visible spectrometer equipped with an integrating sphere. Cu 2 O has a direct bandgap of 2.25 eV [see Fig. 2(a) ], which matches previous reports [30] . The absorption depth of 400-1100 nm light is more than 50 nm [see Fig. 2(a) , inset]. So Si/Cu 2 O carrier-selective contact with a 15 nm thick Cu 2 O film has a transparency of 94% at 550 nm. The very low parasitic absorption in the Cu 2 O film allows most of the incident light to be absorbed in Si, leading to higher J SC .
A hole-selective heterojunction must have a large offset in the conduction band, to block transport of electrons, and a small or negligible valence band offset, to allow passage of holes. Band offsets at the Cu 2 O/Si interface were experimentally determined using XPS and UV-photoelectron spectroscopy (UPS). A p-n heterojunction is formed with intrinsically p-type Cu 2 O and n-type silicon (doping = 5 × 10 15 cm -3 ). The resulting band-bending in silicon and Cu 2 O can be estimated by carefully analyzing the XPS spectra [31] . The Si 2p binding energy is observed at 99.5 eV [see Fig. 2(b) ] which when compared with the flat-band value of 99.8 eV [32] suggests that Si bands at the interface bend up by 0.3 ± 0.1 eV. No band-bending was measured in Cu 2 O, which is unsurprising given the Cu 2 O film is undoped and only 15 nm thick (details are given in the Supporting information).
To find the band alignment between Si and Cu 2 O, UPS was performed on bulk Cu 2 O using He I excitation (21.22 eV) [see Fig. 2(c) ]. From the onset in the UPS spectrum (at high binding energy), the work function of Cu 2 O is found to be 4.6 ± 0.05 eV. From the cut-off at low binding energy, the difference between the Fermi level and Valence band maximum (E f − E V ) in Cu 2 O is found to be 0.8 ± 0.05 eV. Since there was no band-bending in Cu 2 O, E f − E V is expected to be same across the 15 nm thick film. Comparing with E f − E V in Si which is 0.6 ± 0.1 eV, the valence band offset between Cu 2 O and Si ( E VB ) is found to be -0.2 ± 0.1 eV. Given that the bandgap of Cu 2 O is 2.25 eV, the conduction band offset between Cu 2 O and Si ( E CB ) is found to be 0.9 ± 0.1 eV. The resulting band diagram of the Cu 2 O/Si heterojunction is shown in Fig. 2(d) . As expected, there is a large offset in the conduction band (0.9 ± 0.1 eV), which impedes the transport of electrons from Si to Cu 2 O, and a small offset in valence band (-0.2 ± 0.1 eV), which is expected to allow transport of holes from Si to Cu 2 O [31], [33] .
C. Interface Defects and Passivation
While appropriate band alignment is necessary for a carrierselective contact, it is not sufficient. Unsatisfied dangling bonds at the silicon surface can cause mid-gap defect states in silicon [34] , leading to recombination losses at the Si/Cu 2 O interface. Mid-gap defects could also arise because of diffusion of Cu impurity into silicon [35] , or because of damage to the silicon surface during sputtering [36] . These interface defects need to be eliminated to demonstrate a silicon heterojunction solar cell with a high V OC [37] . To characterize the Si/Cu 2 O interface defect density, surface recombination velocity at the silicon surface was measured using microwave-detected photoconductivity decay (MDP) [38] . The MDP system uses microwaves to probe the density of charge carriers as a function of time. During measurement, first, the sample is illuminated with a short laser pulse (980 nm) to photogenerate carriers. As photogenerated carriers recombine, the carrier density decays back to equilibrium. From the rate of decay, recombination lifetime of the carriers can be extracted. The measured lifetime τ eff has contributions from bulk as well as surface defects [39] . If the value of bulk recombination lifetime (τ b ) is known, surface recombination velocity (S) can be calculated using [39] 
where τ eff is the effective lifetime, τ B is the bulk lifetime, D n is the electron diffusivity, β is the inverse diffusion length, and W is the thickness of the wafer. The experiment starts with growing a 100 nm thick thermal SiO 2 on a silicon wafer at 1000°C, followed by a 30-min forming gas anneal at 400°C. Effective lifetime measured for Si with thermal oxide was 196 μs at an injected excess carrier concentration of 10 16 cm -3 . Since thermal-oxide/Si interface is known to have very low surface recombination, the effective lifetime of the oxidized wafer can be assumed to be equal to the bulk lifetime (τ B ) of the wafer [40] - [42] . Thermal-oxide was then etched from the top surface exposing the silicon underneath. On the exposed silicon, a 15 nm Cu 2 O layer was deposited. Due to defects at the Si/Cu 2 O interface, the measured lifetime decreased to 60 μs (see Fig. 3 ). The implied S at the Cu 2 O/Si interface is around 857 cm·s -1 . In its simplest form, the surface defect density (N T ) depends on S as where v t is the thermal velocity, and σ the capture cross-section of the defect. Among the various type of defects that can occur at the Si/Cu 2 O interface, the worst are Cu impurities in silicon with σ of 10 -17 cm 2 [43] . Assuming Cu impurities to be the dominant defect, N T is estimated to be 9 × 10 12 cm -2 . Such a large interface defect density will cause massive recombination losses in a Si/Cu 2 O heterojunction solar cell, leading to a low V OC . The high N T could also explain the 0.3 eV band-bending toward mid-gap in silicon at the Si/Cu 2 O interface measured by UPS/XPS [see Fig. 2(d)] .
To passivate the silicon dangling bonds, as well as protect Si from Cu impurities and sputtering damage, an ultrathin SiO 2 was inserted at the Si/Cu 2 O interface. Copper is known to form deep level defects in Si and is highly mobile in Si. However, it has a high onset temperature of 350°C for diffusion through SiO 2 [44] . So, along with protecting the Si surface from sputtering impact, SiO 2 can also be expected to act as a barrier to Cu diffusion into Si. A 1.2 ± 0.1 nm thick SiO 2 (tunneling oxide) was grown using rapid thermal oxidation at 650°C for 40 s in oxygen. Due to its low thickness, the tunneling oxide allows carriers to tunnel through it with minimal drop in voltage [45] , [46] . To test the passivating properties of the tunneling oxide, MDP experiments were performed on a different wafer with estimated bulk lifetime of 122 μs. Effective lifetime of silicon wafers passivated with tunneling oxide was 64 μs, corresponding to S of 469 cm·s -1 . Based on the reported values of σ at Si/SiO 2 interface (10 -15 cm -2 ), the implied N T is ≈ 5 × 10 10 cm −2 , which is two orders of magnitude lower than the defect density at unpassivated Si/Cu 2 O interface.
The surface recombination velocity can also be calculated from the MDP data, assuming the bulk lifetime to be infinite. This "worse-case" analysis provides an upper-bound on the values of surface recombination velocity at the Si surface. Even in worse case, the surface recombination velocity at tunneling oxide passivated surface (1340 cm·s -1 ) is lower than at Cu 2 O-coated Si surface (1500 cm·s -1 ). Table I summarizes the measured effective lifetimes and calculated values of surface recombination velocity for the various structures.
D. Si/Cu 2 O Heterojunction Solar Cells
Heterojunction solar cells were fabricated with an Au/Cu 2 O/n-Si/Al structure as shown in Fig. 4(a) . Cu 2 O film was 15 nm thick, as measured by a Dektak stylus profiler. Bottom electrode was a 100 nm thick blanket layer of aluminum. The top electrode was a 15 nm thick gold, which is semitransparent. The device area is defined by the top electrode, which was 0.008 cm 2 (1 mm diameter circles). Control devices without a Cu 2 O layer were also fabricated, with an Au/n-Si/Al structure. Fig. 4(b) shows the current-voltage characteristics of the devices under AM.1.5 illumination.
The n-Si/p-Cu 2 O heterojunction is a rectifying junction. Even when a tunneling SiO 2 layer is introduced between Si and Cu 2 O, holes are expected to tunnel through the SiO 2 layer and enter Cu 2 O whereas electrons, which can tunnel through SiO 2 , are expected to be blocked due to the conduction band offset between Si and Cu 2 O. The short-circuit current (J SC ) for the unpassivated Si/Cu 2 O solar cell is 11.9 mA·cm -2 , whereas J SC for the Au/Si device was 15.3 mA·cm -2 . J SC values are low compared to conventional silicon solar cells, arguably due to parasitic light absorption in the semitransparent (∼60%) top electrode. Open-circuit voltage (V OC ) of the Cu 2 O/n-Si device is 328 mV, marginally higher than V OC of the control device which is 302 mV. The increase in V OC for Si/Cu 2 O holeselective device is considerably lower than what is expected for a heterojunction with a conduction-band offset of 0.9 eV [see Fig. 1(d) ], probably due to carrier recombination at the defects of the unpassivated Si/Cu 2 O interface.
To reduce carrier recombination and improve performance, solar cells were made with tunneling oxide passivation. Passivated Si/Cu 2 O heterojunction solar cells made show a significantly higher J SC and V OC of 32 mA·cm -2 and 528 mV, respectively [see Fig. 4(b) ]. the illumination was not constrained by an aperture to just the device area (0.008 cm 2 ). Assuming diffusivity of holes in silicon to be 12 cm 2 ·s -1 and recombination lifetime of ∼64 μs, effective device area from which photogenerated carriers are collected is 0.019 cm 2 , which translates to an implied J SC of 13.2 mA·cm -2 . Fill factors of the devices are low possibly because of the contact resistance at the Al/Si contact and also due to the sheet resistance of the Cu 2 O layer. This can possibly be improved by doping the copper oxide layer [25] . More significant is the change in V OC , which is 200 mV higher compared to devices without passivation. The reported V OC compares well with other reports of single-sided oxide/crystalline-Si hole-selective heterojunctions without back surface passivation [19] , [16] .
IV. CONCLUSION
In conclusion, a hole-selective Cu 2 O/Si heterojunction fabricated at room temperature using a simple sputtering process has been demonstrated. Band-offsets between Cu 2 O and silicon are consistent with a hole-selective heterojunction: large conduction band offset (0.9 eV) which impedes the transport of electrons from silicon into Cu 2 O, and a small valence band offset (−0.2 eV) which allows hole transport from silicon into Cu 2 O. Photoconductance decay measurements suggest that asdeposited Cu 2 O/Si interface has a large density of defects 10 12 cm -2 , which limits the open-circuit voltage that is achieved. However, a thin tunneling SiO 2 layer can be used as a passivating layer to reduce the defect by two orders of magnitude. Heterojunction solar cells made using the passivated Cu 2 O/Si hole selective contact yield an open-circuit voltage of 528 mV which is 61% higher than devices without interface passivation.
